The EU Water Framework Directive (WFD) requires an integrated approach to river basin management in order to meet environmental and ecological objectives. This paper presents concepts and full-scale application of an integrated modelling framework. The Ringkoebing Fjord basin is characterized by intensive agricultural production and leakage of nitrate constitute a major pollution problem with respect groundwater aquifers (drinking water), fresh surface water systems (water quality of lakes) and coastal receiving waters (eutrophication). The case study presented illustrates an advanced modelling approach applied in river basin management. Point sources (e.g. sewage treatment plant discharges) and distributed diffuse sources (nitrate leakage) are included to provide a modelling tool capable of simulating pollution transport from source to recipient to analyse the effects of specific, localized basin water management plans. The paper also includes a land rent modelling approach which can be used to choose the most costeffective measures and the location of these measures. As a forerunner to the use of basin-scale models in WFD basin water management plans this project demonstrates the potential and limitations of comprehensive, integrated modelling tools.
Introduction
The EU Water Framework Directive (WFD) addresses the environmental conditions of rivers, lakes, coastal water and groundwater. In the process of formulating objectives, strategies and river basin management plans it is important to realize the integrated nature of the hydrological and ecological systems. The transport and fate of pollutants affecting the environment is often not limited to individual water bodies and is typically a result of multiple pollution sources within the basin.
The intensive agricultural production in large parts of Europe has led to a number of adverse environmental impacts. One major problem is the leakage of nutrients to water bodies affecting the water quality and ecological conditions. Eutrophication, algae bloom and oxygen depletion in surface water as well as failure to meet drinking water standards are some of the main pollution problems faced in relation to nitrate leakage.
Assessment and quantification of nitrate loads to a surface water recipient requires, first of all, a detailed account of the pollution loads including all point and diffuse sources (Styczen and Storm, 1993) . Secondly, the transport mechanisms responsible for separating transport paths through e.g. surface drain systems, the shallow and the deep aquifer, respectively, are essential. Thirdly, nitrate will be subject to chemical and biological processes in both groundwater and surface water on its way through the basin, which must be accounted for.
Decades of intensive agricultural production in the Ringkoebing Fjord basin, Denmark, have led to increased nitrate leakage and nitrate loads to both groundwater and surface water. Consequently, deteriorating water quality in the downstream fjord leads to an ecological collapse. Various measures taken towards reduction of nutrient load during the past 20 years have been deemed insufficient and further actions are required to obtain satisfactory environmental conditions considering both national and EU WFD requirements.
The basin covers approximately 3800 km 2 on the west coast of Denmark. The area is relatively flat with predominantly sandy and locally clayey deposits. The main river (SkjernÅ ) catchment area is 2500 km 2 and the remaining part of the basin is characterised by minor stream systems and low lying, intensely drained areas along the fjord shore line. Ringkoebing Fjord is a shallow fjord with a narrow connection to the North Sea to the west. Land use is dominated by agriculture and limited urban development.
In order to develop a tool to analyse and assess the effect of alternative management measures an integrated surface water and groundwater model is developed based on the MIKE SHE code (Graham and Butts, 2005, www.dhigroup.com) . A distributed, physically based basin model is required including dynamic couplings between components of the hydrological cycle with respect to both flow and mass flux in order to enable an integrated description of the flow and transport processes in the catchment from field to fjord (Styczen and Storm, 1993; Refsgaard et al., 1999) . MIKE SHE has been extended by a dynamic coupling to the MIKE 11 river hydraulics model to provide a fully distributed model representation of flow and transport in groundwater and surface water including the dynamic exchange between the hydrological components (Graham and Butts, 2005) . Outputs of the catchment model are combined with an economic assessment of the land rent in order to find the most cost-effective measures and the optimal location of these (FOI, 2004, www.foi.life.uk.dk) .
Basin-scale simulations
The distributed flow model simulates the dynamic 3-D groundwater flow in a 5-layer representation of the aquifer system and 1-D flow in the entire surface water system including all major rivers, lakes and flooded areas. The dynamic flow model has been calibrated against gauged discharges and observed piezometric heads. An order of priority has been adopted with respect to calibration objectives, which include primarily simulating total annual runoff and mean potential groundwater heads, secondly to model seasonal variation in flow and water levels, and thirdly to represent daily variation, particularly in simulated river flows. The flow model performs well in terms of total annual runoff and the deviation between simulated and observed values is less than 10% and the maximum deviation in mean groundwater head less than 2.0 m. The model also simulates the seasonal variation in both groundwater head and river runoff.
Nitrate loads, transport and denitrification
The nitrate loads from the basin comprise leakage from agricultural land to the groundwater and point sources discharging to the surface water system. Based on crop, soil, climate and fertiliser data for approximately 30,000 individual field plots leakage from the root zone to the groundwater has been computed on a daily basis using the DAISY crop/soil model (Hansen et al., 1990) . Time series of nitrate leakage from individual fields are aggregated into the 500 m by 500 m grid scale applied in the finite difference flow and transport model. Point sources include loads from industry, wastewater treatment plants and fish farms. Measured or reported loads were used to generate input for the model and the loads were assigned to the point of discharge to surface water.
Nitrate transport is simulated in the 3-D groundwater model, as drainage discharges to the rivers and in the surface water system including rivers, streams, lakes and occasionally/permanently flooded wetland areas.
Nitrate reduction occurs in the groundwater aquifer as a function of a number of factors including geochemical parameters and organic content. On the larger scale the nitrate removal is closely associated with the redox cline. In the oxic, upper aquifer the nitrate reduction is low or negligible, while the nitrate removal in the deeper, reduced parts of the aquifer is high. Potential denitrification rates are assigned to aquifer layers above and below the redox cline (half-life of 1 day and 10 years, respectively). The depth to the redox cline, which varies with geological and hydrogeological conditions, has been mapped through a systematic analysis of more than 2000 boreholes and the discrete point data set is used to interpolate a continuous map for the entire basin.
Measurements in the SkjernÅ river show significant components of organic N, ammonia and nitrate. All N-components and corresponding processes (ammonification, nitrification and denitrification) in the surface water component of the model are described by first-order expressions including temperature-dependent process coefficients. In this respect the main distinguishing factor between river and lakes is retention time, while basic process equations are identical.
A methodology for simulating nitrate removal in wetlands has been subject to particular attention. Measurement of denitrification in different types of wetlands carried out by the Danish EPA has formed the basis for the model conceptualisation. Four types have been introduced, which are characterised by:
Type 1: Infiltration -mean potential of 2500 kg N/ha/year. Type 2: Irrigation -mean potential of 600 kg N/ha/year. Type 3: Occasionally flooded areas -mean potential of 450 kg N/ha/year. Maximum 60% of nitrate mass flux to the wetland removed. Type 4: Shallow lakes with low residence time -mean potential of 250 kg N/ha/year. Maximum 10% of nitrate mass flux to the wetland removed. The available recorded data on the 3,300 ha wetlands within the basin do not allow subdivision into the respective wetland classes in all cases and assumptions have been necessary to assign appropriate types. Wetlands receive runoff in terms of drainage, stream or groundwater discharges depending on the local conditions. Associated nitrate loads are subject to a temperature-dependent denitrification in each time step of the simulation model (on an hourly basis in the surface water component).
Model applications
The calibrated basin model was applied firstly to develop a strategy for prioritising the primary areas to be addressed in reducing total loads to the fjord and secondly to carry out scenarios representing specific basin management plans.
To develop an efficient strategy for reducing loads to the fjord from the basin the flow model was applied in determining the local areas contributing the most to the total loads to the fjord. Nitrate loads at field level may have different fates depending on local conditions and the flow paths towards the coast. The total mass of nitrate leaking from fields may be completely removed by passing through active nitrate reducing aquifer layers or within the surface water system itself e.g. in lakes with higher residence time or in wetlands. By applying particle tracking in the integrated model it is possible to analyse individual flow paths and subdivide the basin into areas where high and low effects of nitrate reducing interventions can be expected with respect to the fjord, see Figure 1 . Generally the highest effect of reducing nitrate leakage is obtained along the river corridors, where the combination of shallow groundwater tables and high density drain systems generates high nitrate loads via drainage discharges. Drainage water has relatively high concentrations of nitrate. Upon entering the river system little or no denitrification takes place before reaching the downstream coastal waters. In such areas reductions in nitrate leakage at field level will translate into a corresponding reduction in the load to the fjord and they are consequently of primary interest from a management perspective. The map reduces risk of promoting inefficient management interventions and Ringkøbing County uses the priority map in permitting the establishment or extension of animal production and in priorities regarding restoration of wetlands in the basin.
The basin nitrate transport model was calibrated against time series of concentration in the river system and total loads to the fjord calculated as part of the on-going national monitoring program. Monitoring in downstream SkjernÅ river shows a slight annual variation in nitrate concentrations between 2.5 mg/l in the summer season and 4.0 mg/l in the winter season. The model simulates mean concentrations between 2.0 mg/l and 4.5 mg/l.
In year 2000 the total nitrate leakage from the root zone was 14350 tons of which only 7715 tons reaches the surface water system and 6450 tons reaches the coastal waters according to the basin model, see Figure 2 . In comparison the estimated loads to the fjord based on gauged data was 6500 tons (Jessen, 2002) .
The response time of the groundwater aquifer is relatively long suggesting that inter annual variation of climate and leakage will affect the total mass stored in the aquifer for Figure 1 High and low priority areas for nitrate load reduction to the fjord. The darker the shade the higher the priority several years. Model results indicate a time scale of 7-10 years for effects of nitrate load reduction to fully manifest itself in downstream loads to the fjord.
Model results show an actual mean denitrification rate in the wetlands of 290 kg N/ha/year in year 2000. The rates do, however, vary significantly from 30 to 1800 kg N/ha/year. Simulated actual rates of denitrification will only approach the upper, potential rate provided a continuous high flux of nitrate from the sub-catchment to the wetlands is maintained.
The objectives of future reduction in nitrate loads to Ringkoebing Fjord are expressed by two scenarios:
Scenario 1: A targeted 35% reduction in nitrate loads by means of implementing the national program, 'Environmental Friendly Agricultural Production' (7000 ha), catch crops (5000 ha), reduced discharge from pump drained areas, restored wetlands (4000 ha).
Scenario 2: A targeted 50% reduction in nitrate loads by means of all scenario 1 elements and an additional reduction in animal stock (29.000 animal units) in selected areas of the basin.
Model scenario simulations show that including the remaining effect the National Water Action Plan II and the SkjernÅ restoration project (completed 1999) a 28% reduction is obtained. The effect is primarily attributed to denitrification in wetlands and to a lesser degree to reduced nitrate leakage from agricultural land.
In Scenario 2 the reduced manure load causes an additional reduction in total leakage of 6% (corresponding to 870 tons/year). Regarding loads to the fjord only a 5% improvement is obtained. The total reduction of scenario 2 is 33% compared to the targeted 50%. Scenario 2 illustrates an important aspect, which underlines the importance of incorporating the total effect of potential management initiatives in an integrated assessment rather than simply adding the expected effect of individual initiatives. A simple summation is likely to overestimate the effect on total loads. Nitrate removal in wetlands in scenario 2 is reduced compared to scenario 1 due to the fact that reduction in nitrate leakage at field scale leads to lower mass flux into the downstream wetlands.
Model results show a significant variation in wetland nitrate removal rates per area, which is primarily controlled by differences in the ratio between wetland area and the nitrate mass flux into the wetlands rather than the assigned maximum rate of denitrification.
Land rent model
Alongside the environmental analyses other analyses focusing on finding the most costeffective measures were carried out by the Institute of Food and Resource Economics. The analyses also looked at the location of the measures, based on the land rent for each farm in the whole catchment area. This was done using the FOI land rent model. The farm land rent model is a static regression model based on the 10,000 accounts collected in the period 1996 -2001 (FOI, 2004 . In the specification of the model, knowledge of area, soil type, livestock intensity (own and surrounding area) and region are included. A total of eight farm types have been selected Jacobsen et al., 2004) .
The land rent is the net profit left for the land. The net profit is the gross margin minus all costs, including interest and depreciation. When estimating the farm capital only knowledge of the total assets are included in the accounts. Therefore, estimates of the land capital for each farm have been made. Furthermore, the livestock intensity on the farm, as well as in the municipality where the farm is situated, has been calculated and included in the model.
The aim of the model is to describe the land rent based on a range of farm specific factors mentioned above. The model is estimated for each of the 8 farm types above and for each municipality. The model is estimated in SAS/PROC GLM and in using the model an R^2 of 68.9% was achieved. Only parameters which were significant (. 99% or . 99.9%) were included in the model. As part of the yearly variation in income is due to management, it is found to be satisfactory to be able to explain 69% of the variation in the land rent. The model framework can be used throughout Denmark.
Each farm has a geographical reference which allows the land rent value to be placed on a map. As seen in Figures 3 and 4 , there is some correlation in some areas between livestock intensity and marginal land rent. Some of the areas where potatoes are grown (the north east of the river basin) also have a high land rent. The analyses also show that the marginal land rent per livestock unit is low in some livestock intensive areas. The explanation is that the increasing transportation costs etc. reduce the marginal gain per livestock unit.
Measures and costs
The measures introduced are described in Table 1 where the costs and the environmental effects have been estimated. For wetlands this includes the loss of income for all the participating farms. It is assumed that the livestock will be moved to other parts of the area leaving the livestock numbers unchanged. The calculations therefore include both changes in income on the project area as well as the change in income where the livestock are reallocated to. With respect to compensation achieved, analyses have shown that the accepted compensation will not vary as much as the actual income. The average price is set at the price which will equal the marginal land rent taking out the first 90%. of the area. Using this method there is still some difference between the different wetland projects. Catch crop analyses based on other models have shown increasing costs as the share of catch crops at the farm level increases. The cost varies with farm type.
Also the effect of employment has been forecast based on input and output tables for Ringkoebing County. The analyses show that it will be expensive to reach the environmental goals in Scenario 2, which is the likely aim under the Water Framework Directive. The calculations have been carried out for the county, which is the reason why the costs for the state are not described in detail. The expected cost for the farms in Scenario 2 is 6 million e or 208 e per livestock unit when the production is reduced. The county has found that this is too costly.
The comprehensive basin modeling concept presented comprises an integrated load, transport and process description for both surface water and groundwater. The project application focuses on nitrate from multiple individual pollution sources forming the total load to the coastal recipient. The model simulates concentrations in both groundwater and surface water and is suitable for application in multi-objective basin water management involving interrelated water quality and water resources issues and potentially multiple chemical species.
Nitrate reduction in the groundwater system is the dominating factor as approximately 60% of the total mass leaking from the root zone is removed in the aquifers, whereas only 20% is lost in the entire surface water system. Nitrate removal by restoration of wetlands is, however, a widely used mean of actively reducing total loads and thus of primary interest with respect to management. One main conclusion demonstrated by the model is the interconnected nature of the hydrological system, which implies that the effect of individual management actions cannot be summed. Less leakage or a combination of management initiatives may lead to less nitrate removal by denitrification and thus an 'efficiency' less than 100% with respect to the fjord system.
After scenario results and cost-effective analyses were completed and reported negotiations between Ringkoebing County and the Danish Environmental Protecting Agency were undertaken. Model results played a key role in the discussion on improving the environmental conditions of the fjord by either regulating the intake of saline water from the North Sea or reducing the basin nitrate load. Ringkoebing County decided in February 2005 to maintain the current salinity of the fjord and allocate funds for implementation of a plan to reduce loads by 35%. The most expensive measures such as a reduction in livestock numbers were not chosen. The plan will be adjusted to comply with objectives and criteria formulated during EU WFD implementation. In the EU WFD perspective management plans will be formulated to meet environmental objectives of surface water, groundwater and coastal waters. Basin water management initiatives should be viewed in a broader integrated context in order to address the interrelated nature of water resources and water quality. The task of finding the most cost-efficient combinations of measures to achieve the goals for streams, lakes, fjords and groundwater will clearly be a challenge. More focus and effort on the economic analyses seems to be required as they are a central part of WFD. Here a close link between environmental and economic modelling is essential as shown in this paper.
